The crystal structure of girvasite, NaCa 2 Mg 3 (PO 4 ) 3 (CO 3 )(H 2 O) 6 , has been refined using X-ray diffraction data collected at 173 K, which allowed to revise its crystal chemical formula. The mineral is monoclinic, P2 1 /c, a = 6.4784(2), b = 12.2313(3), c = 21.3494(6) Å, β = 89.624(2)º, V = 1691.67(8) Å 3 (at 173 K), Z = 4, R 1 = 0.037 for 6471 unique observed reflections. The crystal structure of girvasite contains three Mg, two Ca and one Na sites. The Mg atoms are octahedrally coordinated by O atoms and H 2 O molecules. The Ca sites are coordinated by eight anions each, whereas the Na site has a coordination number equal to seven. The crystal structure is based upon heteropolyhedral sheets formed by polymerization of Mg octahedra, PO 4 tetrahedra and CO 3 groups. The sheets consist of fundamental building units (FBBs) formed by two Mg octahedra that share edges to form dimers decorated by three PO 4 tetrahedra and linked to a unit consisting of a MgO 6 octahedron sharing an edge with a carbonate triangle. The FBBs polymerize to form chains running parallel to the a axis. The chains are further polymerized to compose heteropolyhedral sheets stuffed by the Ca 2+ and Na + cations, and H 2 O groups to form electroneutral layers parallel to (001). The adjacent layers connect to each other via a complex system of hydrogen bonds. The interesting feature of the structure is a bidentate coordination of Mg2 atom by a CO 3 group. The O14-Mg2-O16 angle is shortened from 90° (expected for a regular octahedron) to 60.46°, whereas the O14-C-O16 angle is shortened from 120° to 115.92°. Girvasite is the most structurally complex mineral among natural phosphate carbonates known to date. Its high structural complexity reflects its chemical complexity and high hydration state, which are the result of the specific geochemical and thermodynamic conditions of its formation (low-temperature and low-pressure interactions of phosphate-bearing solutions with primary dolomite carbonatites)..
Introduction
Structural and chemical diversity of natural carbonates continues to attract attention of mineralogists and petrologists with several new mineral species discovered and crystal structures determined within recent few years (Lazic et al., 2011; Bindi et al., 2011; Mills et al., 2012ab; Pekov et al., 2012; McDonald et al., 2012; Miyawaki et al., 2012; Biagioni et al., 2013; Kampf et al., 2014; Elliot et al., 2014, etc.) . One of the source of variable rare and exotic carbonate minerals are carbonatites that have been subject for a large number of recent detailed experimental studies (Shatskiy et al., 2013abc, 2014 . Girvasite, a rare hydrous Na-Ca-Mg phosphate carbonate, has been first described by Britvin et al. (1990) from hydrothermal veins in dolomite carbonatites of the Zhelezny (Iron) Mine, Kovdor massif, Kola Peninsula, Russia. The mineral was probably the result of reaction of primary dolomite with phosphate-bearing hydrothermal solutions. The Zhelezny mine is known as a type locality for several phosphate minerals, including rimkorolgite, BaMg 5 (PO 4 ) 4 ⋅ (H 2 O) 8 (Britvin et al., 1995; Krivovichev et al., 2002) , strontiowhitlockite, Sr 9 Mg(PO 3 OH)(PO 4 ) 6 (Britvin et al., 1991) , bakhchisaraitsevite, Na 2 Mg 5 (PO 4 ) 4 (H 2 O) 7 Yakubovich et al. 2000) , cattiite, Mg 3 (PO 4 ) 2 (H 2 O) 22 Chernyatieva et al., 2013) , etc.
The crystal structure of girvasite was studied by Sokolova and Yegorov-Tismenko (1990) , who assigned to the mineral the crystal chemical formula NaCa 2 Mg 3 (OH) 2 H 2 (PO 4 ) 3 (CO 3 )⋅ Russian Geology and Geophysics 56 (2015) [113] [114] [115] [116] [117] [118] [119] [120] [121] (H 2 O) 4 , which assumes the simultaneous presence in the structure of both protonated tetrahedral oxyanions and hydroxyl anions. Though such a combination is known for minerals (for instance, it has recently been described by Kampf et al. (2013) Sokolova and Yegorov-Tismenko (1990) were unable to determine positions of H atoms in girvasite, this problem remained unresolved and awaited special consideration. In this paper, we report on the crystal-structure determination of girvasite performed at 173 K, which allowed us to identify hydrogen positions and to revise the crystal chemical formula of the mineral.
Experimental
The crystal of girvasite selected for data collection was mounted on a thin glass fiber for the X-ray diffraction analysis. More than a hemisphere of X-ray diffraction data with frame widths of 0.3° in ω, and 30 s spent counting for each frame were collected at 173 K using a Bruker four-circle Smart APEX DUO X-ray diffractometer operated at 50 kV and 40 mA with MoK α radiation. The data were integrated and corrected for absorption using an empirical ellipsoidal model by means of the Bruker programs APEX and XPREP. The observed systematic absences were consistent with the space group P2 1 /c reported for girvasite by Sokolova and YegorovTismenko (1990) . The structure was refined to R 1 = 0.052 using the atom coordinates for nonhydrogen atoms taken from Sokolova and Yegorov-Tismenko (1990) . The inspection of difference Fourier electron-density map revealed the presence of twelve symmetrically independent H atoms that were incorporated into the structure refinement without any restraints. Structure refinement of the full structure model resulted in the crystallographic agreement index R 1 = 0.038 (Table 1 ). The SHELX program package was used for all structure calculations (Sheldrick, 2008) . The final model included anisotropic displacement parameters for all nonhydrogen atoms atoms. The final atomic coordinates and anisotropic displacement parameters are given in Table 2 and selected interatomic distances are listed in Table 3 .
Results
The structure of girvasite contains three Mg, two Ca and one Na sites. The Mg atoms are octahedrally coordinated by O atoms and H 2 O molecules. The Mg1 site is coordinated by five O atoms and one H 2 O molecule, whereas the Mg2 and Mg3 sites are coordinated by four O atoms and two H 2 O molecules each. The Ca sites are coordinated by eight anions each, whereas the Na site has a coordination number equal to seven. The local coordination environments of the Ca and Na atoms are depicted in Figs. 1a-c.
The crystal structure of girvasite can be described as based upon heteropolyhedral sheets formed by polymerization of Mg octahedra, PO 4 tetrahedra and CO 3 triangular groups. The sheets consist of fundamental building units (FBBs) shown in Fig. 2 . The FBB is formed by two Mg octahedra that share edges to form dimers decorated by three PO 4 tetrahedra and linked to a unit consisting of a MgO 6 octahedron sharing an edge with a triangular carbonate group. The FBBs polymerize to form chains running parallel to the a axis (Fig. 3a) . The chains are further polymerized to compose a heteropolyhedral sheet shown in Fig. 3b . The sheets are stuffed by the Ca 2+ and Na + cations, and H 2 O groups to form electroneutral layers parallel to (001). The adjacent layers are connected to each other via a complex system of hydrogen bonds (Fig. 4) .
Discussion
Carbonate groups in girvasite. The local coordination of carbonate groups in girvasite is shown in Fig. 1d . The most interesting and noteworthy feature of the structure is a bidentate (edge-sharing) coordination of Mg2 atom by a CO 3 group. As a result, both Mg 2 O 6 octahedron and CO 3 group display considerable distortion. The O14-Mg2-O16 angle is shortened from 90° (expected for a regular octahedron) to 60.46°, whereas the O14-C-O16 angle is shortened from 120°t o 115.92°. In order to compensate for the angle shrinkage, (Szymanski and Roberts, 1990) Note. v, Number of atoms per reduced unit cell; I G , structural information amount per atom; I G,total , structural information amount per unit cell.
the C-O14 and C-O16 bonds are elongated compared to the C-O19 bond (Fig. 1d) . The bidentate mode of coordination of an octahedral di-or trivalent cation by carbonate is rare in minerals, but has been observed in the crystal structures of the bradleyite-group minerals (Kurova et al., 1980; Sokolova and Khomyakov, 1992; ). Bidentate coordination is also common for natural uranyl carbonates (Krivovichev and Plásil, 2013) , where UO 2 2+ linear cations are bidentately coordinated by CO 3 groups to form stable uranyl carbonate clusters that are known to persist in aqueous solutions and to serve as transport agents of uranium in natural and technological environments (Clark et al., 1995) . It may be suggested that the bidentate complexation of Mg 2+ cations by CO 3 groups may occur in aqueous solutions under particular conditions such as those that led to the crystallization of girvasite.
Crystal chemical formula of girvasite. As it was mentioned above, the initial formula of girvasite proposed by Sokolova and Yegorov-Tismenko (1990) Sokolova and Yegorov-Tismenko (1990) .
Structural complexity of girvasite and related minerals. The complexity of the atomic arrangement in girvasite can be quantitatively evaluated as an information amount in bits per unit cell (I G,total ) using the formula (Krivovichev, 2013 (Krivovichev, , 2014 :
where k is the number of different crystallographic orbits, I G is the information amount per atom, and p i is the random choice probability for an atom from the ith crystallographic orbit, that is:
where m i is a multiplicity of a crystallographic orbit relative to the reduced unit cell, and v is the number of atoms in the reduced unit cell.
The I G,total value for girvasite is 933.318 bits per unit cell, which places it among the class of complex minerals (500-1000 bits/u.c.). This relatively high level of complexity of the crystal structure of girvasite is comparable to that observed for other rare Mg-bearing phosphate minerals first described from the Zhelezny mine of the Kovdor massif: rimkorolgite, BaMg 5 (PO 4 ) 4 (H 2 O) 8 (691.895 bits/u.c.), bakhchisaraitsevite, Na 2 Mg 5 (PO 4 ) 4 (H 2 O) 7 (1128.771 bits/u.c.), cattiite, Mg 3 (PO 4 ) 2 (H 2 O) 22 (419.999 bits/u.c.), and strontiowhitlockite, Sr 9 Mg(PO 3 OH)(PO 4 ) 6 (375.031 bits/u.c.). The high structural complexity of the minerals clearly reflects their chemical complexity and high hydration states (except for strontiowhitlockite), which are the results of the specific geochemical and thermodynamic conditions (low-temperature and low-pressure interactions of phosphate-bearing solutions with primary dolomite carbonatites). It is of interest that girvasite is the most structurally complex mineral among natural phosphate carbonates known to date (see Table 4 for a list of phosphate-carbonate minerals and their structural complexity parameters).
